INHARMONICITY OF WOUND GUITAR STRINGS
by Adrianus J.M. Houtsma
Wound guitar strings are known to "go dead" after several hours of playing.
Increased 1nnarmonicity of string partials is thought to be the primary contributing factor, making exact tuning of strings imposs1ble.
Increased inharmonicity with age is mostly due to changes in mass distribution and internal stresses, rather than changes in stiffness. String aging can be artificially induced by repeated stretching and relaxing of a new string. Measurements of the frequencies of the first ten partials in standard brass-wound steel guitar strings show that inharmonicity is significantly increased by repeated stretching. The inharmonic effect of stretching can be grea~ly reduced if strings are stress-relieved by heat after winaing. After measurements were made the string was over--tuned by a fourth <pitch ratio 4/3, tension ratio 16/9), which brings it close to its breaking point, and relaxed.
This process was repeated 20 times.
Although we have na direct evidence that this kind of torture is a good model for natural string aging, it did result in noticeable and hopefully relevant changes in string behavior.
The advantages of this methad are th at i t works f ast and allows camparisen of string behavier on the same string and the same instrument.
All measurements were repeated immediately after the torture procedure, that is, if the string survived.
Measurements
consisted of plucking the string at approximately one-tenth of a 5tring length measured from the bridge and subjecting the output wavefarm of the pickup to <a> a digital time-varying harmonie analysis on the first ten partials and (b) a measurement of the exact frequencies of the first ten partials. 
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: -------. :·· ----.. ... There are two imperfeatures in these First of all, deviations from harmonie frequencies are always positive, i.e., harmonies are stretched. This is consistent with Allen's measurements and also with the notion that bending stiffness is the dominant souree of inharmonicity. Secondly, contrary to Allen's results we find that inharmonicity does increase significantly after artificial aging.
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STRING # 2. TIME-VARVING SPECTRUM BEFORE ( A) AND AFTER
This seems to suggest that stiffness has changed. We believe, howeve~, that things are not as simple as that. Bending stiffness of a wound steel string is largely controlled by the stiffness of the core wire.
Since this core wire was not stretched beyond its elastic limit, it is unlikely that its bending stiffness would have changed.
There are other potential sourees of string inharmonicity, such as internal stresses caused by the brass wire being forced around the steel core.
The distribution of such forces, which is some random function of the wrapping process, may easily be changed by stretching the string several times. Moreover, windings may actually slip in the stretching process and redistribute the mass of the wrapping wire to some degree, causing more inharmonicity.
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This hypothesis is supported by the measurements shown in the bottorn pan e 1 of F i g . 2 . Th e y are the average results of three identical strings that had been specially treated. Brass wire was wrapped around a steel core of hexagonal cross sectJon to insure a better grip and less s1ippage.
Furthermore, the strings were stress-relieved after wrapping by heating them to an appropriate temperature.
One c an see from the results that reduced internat tension leads to significantly reduced inharmonicity in the new strings, and also to reduced inharmonicity increase as a result of over-stretch ing.
One should keep in mind that repeated stretching is at most only a partial simulation of real string aging. When strings are played, foreign material will build up between windings where fingers often touch the string, and windings wear off where they are rubbed over the frets during note-bending. Both processes result in uneven mass d i stribution and therefore inharmonicity.
It is obvious that stress-retieving the strings will not solve those problems. Finally it should perhaps be pointed out that perfect harmonicity may not be synonymous with excellent tone quality.
It is possibie that some inharmonicity in the higher overtanes may contribute to the liveliness of a guitar tone, although hard evidence of this has never been presented. On the ether hand, the first eight to ten partials in a complex tone are the main contributors to the pitch percept of the sound, and the closer their harmonie relation 64 is, the cl~arer pitch the sound projects. A close harmonie relation among lower partials also makes the guitar much easier to tune. We believe therefore that it is a reasanabie objective in string design to try to achieve an as closely as possible harmonie relation bPtween frequencies of the first ten partials.
